Bacterial utilization of high-molecular-weight (HMW; > 1 kDa) and low-molecular-weight (LMW; < 1 kDa) dissolved organic C (DOC) was investigated in freshwater and marine systems by measuring dissolved oxygen consumption, bacterial abundance, and bacterial production in size-fractionated samples. Tangentialflow ultrafiltration was used to separate HMW and LMW DOC. More than 80% of the DOC in Amazon River samples was recovered in the HMW fraction, whereas most marine DOC (up to 70%) was of LMW. Bacterial growth efficiencies were consistently higher in the LMW fractions (16-66%) than in the HMW fractions (8-39%), indicating compositional differences in the two size fractions. In all experiments, measured rates of bacterial growth and respiration in HMW incubations were higher than those in LMW incubations. Carbon-normalized bacterial DOC utilization rates were '1.4-4-fold greater in the HMW fractions than in the LMW fractions, and a greater proportion (0.7-22.5%) of HMW DOC was utilized per day than LMW DOC (0.5-6.6%). All bacterial growth and respiration measurements indicated that HMW DOC was utilized to a greater extent than LMW DOC in all environments investigated. The traditional model of DOM degradation, stating that LMW compounds are most bioreactive, does not appear to apply to the bulk of natural DOM. Rather, the data and results from independent studies suggest a new conceptual model whereby the bioreactivity of organic matter decreases along a continuum of size (from large to small) and diagenetic state (from fresh to old). This size-reactivity continuum model suggests that the bulk of HMW DOM is more bioreactive and less diagenetically altered than the bulk of LMW DOM.
Dissolved organic carbon (DOC) in aquatic environments represents one of the largest active organic C reservoirs in the biosphere. The amount of DOC in aquatic systems is about equal to the amount of CO,-carbon in our atmosphere (Farrington 1992) . It is widely accepted that dissolved organic matter (DOM) represents a dynamic component in the interaction between geosphere, hydrosphere, and biosphere and as such has the potential to influence the global carbon cycle and climatic change (Farrington 1992) . Heterotrophic bacteria are considered major consumers and remineralizers of DOM in the ocean (Pomeroy 1974) and represent a very dynamic compartment in global biogeochemical cycles. The interactions between DOM and bacteria play a central role in the aquatic carbon cycle; thus, the factors regulating DOM production and consumption profoundly influence carbon fluxes. The availability of DOM to heterotrophic bacteria likely depends on its biochemical composition and molecular size, inorganic nutrient concentrations, and other environmental factors, such as temperature.
Molecular weight or size is often mentioned as an important factor influencing the microbial utilization of DOM. Saunders (1976) formulated a general model that simple organic molecules decompose most quickly, within hours. Phytoplankton derived high-molecular-weight (HMW) organic compounds decompose within days to weeks, while other HMW compounds decompose on the order of months or more. Although this conceptual model is still widely accepted, recent studies indicate that some HMW compounds are rapidly utilized by bacteria (e.g. Meyer et al. 1987; Tranvik 1990; Arnosti et al. 1994) .
Combining information on the average 14C-age of DOC in the ocean (Williams and Druffel 1987; Bauer et al. 1992 ) with observed molecular-weight distributions of DOC in aquatic environments (Carlson 1985; Benner et al. 19923; Ogawa and Ogura 1992) raises an interesting question. If -80% of the DOC in the deep ocean is of low molecular weight (LMW; < 1 kDa) with an average age of 4,000-6,000 years, how reactive is the bulk of this LMW material? Is the traditional view that LMW organic compounds are the most labile components of DOM really justified for the bulk of LMW DOM in different aquatic environments? In a recent study, Amon and Benner (1994) found that HMW DOC sampled during a diatom bloom was utilized faster and to a greater extent than the cor-41 Table 1 . Sampling site locations and characteristics of the water collected as well as the initial DOC concentrations (PM C) in the various incubations. LMW-< 1 kDa; HMW-> 1 kDa (and responding LMW components. The present study extends these investigations to waters of varying DOM source and composition, including DOM from riverine, estuarine, and marine environments. In order to directly compare the bioreactivity of different molecular size fractions of DOM, HMW (> 1 kDa) and LMW fractions of natural DOM were separated by tangential-flow ultrafiltration and incubated under similar conditions with a natural bacterial assemblage. Bacterial growth and respiration were measured to directly compare the potential bioreactivity of the LMW and HMW fractions. The study was designed to determine the rates and extent of bacterial degradation of natural DOM size fractions from various environments during incubations lasting 3-5 d. The results of these investigations provide additional insight to the relationships between reactivity and origin of different size classes of DOM in distinct environments. A new conceptual model for DOM degradation-the size-reactivity continuumis introduced to account for the high potential reactivity of HMW DOM.
Material and methods
Study sites were chosen to represent a wide spectrum of DOM sources and compositions. Sampling sites in the Amazon were chosen -3 km upstream of the confluence of the Rio Negro and the Rio Solimoes. Both rivers derive their DOM almost exclusively from terrestrial vegetation (Quay et al. 1992; Hedges et al. 1994 ). Phytoplankton production is limited in both rivers due to turbidity and humic coloration. Chemical analyses of DOM indicates extensive diagenetic alteration in both rivers . The Laguna Madre is at the southern end of the Texas Gulf Coast and stretches 200 km from Corpus Christi to the Rio Grande. The Laguna Madre is a shallow subtropical lagoon with abundant and highly productive seagrass meadows. Opsahl and Benner (1993) studied the decomposition of seagrass detritus in the lagoon and found that a major fraction of the material is rapidly solubilized and enters the dissolved pool. The northern Gulf of Mexico receives considerable quantities of terrestrially derived organic matter from the Mississippi River system. The river plume also carries high concentrations of inorganic nutrients that stimulate phytoplankton blooms at midsalinities (Lohrenz et al. 1990 ). DOM in this region is largely terrestrially derived at low salinities and marinederived at higher salinities (Benner et al. 1992a ). The Aransas Pass channel is in Port Aransas, Texas, and was sampled from the Marine Science Institute (University of Texas) pier. The channel carries a mixture of estuarineand marine-derived DOM.
Sampling and experimental procedures -Sampling was conducted at the above sites under various hydrological and biological conditions (Table 1) . During two cruises in May 199 2 and July 1993, experiments were conducted on the RV Longhorn off the Mississippi Delta in the northern Gulf of Mexico (GOM). Samples were taken with a clean bucket from the surface and immediately processed as described below. One 50-liter sample was taken in the upper Laguna Madre. The sample was collected in the morning, transported to the laboratory, and processed within 1 h of sampling. During 2 months in Manaus, Brazil, experiments were performed with water collected from the Rio Negro and the Rio Solimoes. Samples were taken with a bucket from a small boat and transported to the laboratory. Samples were processed within 2 h of sampling.
The initial water sample (-25 liters) was passed through a 0.6-pm pore-size Nuclepore polycarbonate cartridge filter to remove particulate material and most eucaryotes (Fig. 1) . The filtrate was then passed through a hollowfiber filter (0.1 -pm pore-size) using a tangential-flow ultrafiltration system (Amicon DC 1 OL) to concentrate bacterial cells for later use as an inoculum (Benner 199 1) . In all experiments, we used tangential-flow ultrafiltration and spiral-wound ultrafilters to separate HMW DOM (>30 kDa or > 1 kDa) from LMW DOM (< 1 kDa). In most experiments, HMW refers to DOM > 1 kDa. In the two Amazon River experiments, we used an additional filter (30 kDa) and investigated the reactivity of three size fractions, very-high-molecular-weight (VHMW, > 30 kDa), HMW (~30 kDa, > 1 kDa) and LMW (< 1 kDa) DOM. This method and Amicon ultrafilters have been shown to be noncontaminating and to allow rapid sample processing (Benner 199 1; Benner and Hedges 1993) . A concentration factor of 10 was used for the separation of HMW and LMW DOM. After size separation, the concentrate (> 30 kDa or > 1 kDa) was diluted with lowcarbon distilled water or artificial seawater to a similar DOC concentration as expected in the LMW fraction. Parallel treatments with DOM of varying molecular weight received equal additions of inorganic nutrients. Nitrate (KNO,) was chosen over ammonia as a nitrogen source to avoid potential stimulation of nitrification and interference with respiration measurements. Nitrate and phosphate (NaH,PO,) additions were -3-fold greater than ambient concentrations. Equal portions of the bacterial concentrate isolated from each water sample were added to all parallel treatments.
Water samples were placed in acid-washed glass bottles (Fig. 2) . The bottles were filled without a headspace, sealed with silicon stoppers, and connected by Teflon tubing. Each incubation consisted of two connected bottles and was conducted in duplicate. Sampling was performed by injecting water (same treatment) into the reservoir bottle and simultaneously sampling from the other bottle (see Fig. 2 ). During an entire experiment, < 7% of the volume was exchanged in the sampling bottle. Samples were withdrawn over a period of 3-5 d at 12-24-h intervals.
Measurements-Bacterial abundance was determined by epifluorescence microscopy using DAPI as a stain (Porter and Feig 1980) . Marine samples were preserved with formaldehyde and freshwater samples with boraxbuffered formaldehyde (4% final concn). River samples were diluted (1: 10 with 0.2-pm-filtered sample water), and a higher concentration of the stain (1 pg DAPI ml-l) was used. At least 300 cells were counted per sample.
Bacterial production was estimated from rates of protein synthesis as measured from rates of radiolabeled leucine incorporation (Kirchman et al. 198 5) . Triplicate water samples (10 ml) and one killed control were incubated with 10 nM (final concn) of [4,5-3H] leucine (sp act, 2.22 GBq hmol-l) for 0,5 h in the dark and at ambient temperature. Leucine incorporation values were converted to cells produced by means of empirically derived conversion factors and a cell-to-carbon conversion value of 20 fg C cell-l (Lee and Fuhrman 1987) . Leucine conversion factors for the different environments were 4.27 x 1016 cells mol-l for the Laguna Madre (Chin-Leo and Benner 199 l), 4.46 x 1016 cells mol-l for the Gulf of Mexico (ChinLeo and Benner 1992), and 0.74 x 1016 cells mol-l for the Amazon River system. Empirically derived factors were chosen to account for the variability among environments and because bottle incubations represent conditions similar to those used for conversion factor determinations. DOC concentrations were determined by high-temperature combustion after sample filtration through pre- Protocol for preparing water samples for the bioreactivity experiments. Large particles and most eucaryotic organisms were removed by passage through a 0.6~pm pore-size Nuclepore cartridge filter. The sample was then passed through a hollow-fiber filter (0.1 -vm pore-size) by tangential-flow ultrafiltration, and 500 ml of concentrate was kept as a bacterial inoculum. Tangential-flow ultrafiltration with spiral ultrafilters (1 or 30 kDa mol wt cutoff) was used for molecular size separation of the dissolved organic matter (DOM). After ultrafiltration, the concentrate was diluted with low-carbon artificial seawater or distilled water. Nitrate, phosphate (3 x natural concn), and 100 ml of the bacterial cell concentrate from the hollowfiber filtration were added to both the diluted concentrate and the filtrate. ASW -artificial seawater; DW -distilled water; Nnitrate; P-phosphate.
combusted GF/F filters (Benner and Strom 1993) . The bacterial cells that passed through this filter were included in the DOC measurement. Oxygen concentrations were determined by the Winkler method with a Mettler DL 2 1 autotitrator with potentiometric end-point detection (Grankli and Grankli 199 1). Samples for oxygen determination were collected in acid-washed and rinsed BOD bottles (60 ml). Respiration rates were calculated between the initial and the peak-abundance time point of the bacterial population as Oi -Of r=at'
( 1) r is the respiration rate, Oi, is the initial oxygen concen- tration, Qf is the oxygen concentration at the peak of bacterial abundance, and At is the incubation time (h).
The value for t was variable among the experiments and is listed in Table 1 . Bacterial growth efficiencies in the different size fractions of DOM were calculated from bacterial C production (estimated either from leucine incorporation or changes in bacterial abundance) and bacterial respiration, assuming a respiratory quotient (RQ) of 1.
Ecfect of substrate concentration on rates of utilizationAn additional experiment was performed to determine the influence of DOC concentration on bacterial DOC utilization rates. A water sample (280/,) was taken from Aransas Pass at the Marine Science Institute pier, and molecular size separation was performed as described above. The HMW concentrate was diluted to three different concentrations. One HMW incubation had a lower DOC concentration than the LMW fraction, one had a concentration equal to the LMW fraction, and one had a higher concentration.
Results
The DOC concentrations were highest (400-800 PM DOC) in the rivers and low-salinity samples and were 2.5-5-fold the concentration found in the GOM sample at 27?& (152 PM; Table 1 ). Attempts to balance the initial DOC concentrations in the different experimental treatments (VHMW, HMW, LMW) were not successful because we did not have access to the DOC analyzer when these experiments were initiated in the field. The DOC concentrations in the LMW fractions were typically 1.5-2.0-fold lower than concentrations in the respective HMW fractions (Table 1) .
The fraction of total DOC in the HMW and LMW fractions varied considerably among sites (Fig. 3) . In general, the percentage of DOC in the HMW fraction decreased with increasing salinity. Most DOC in the Rio Negro and Rio Solimdes was in the HMW fraction (88 and 8 l%, respectively). In the low-salinity GOM samples and the Lag una Madre, -60% of the DOC was recovered in the HMW fraction. In contrast, higher salinity samples from the GOM had a greater proportion of the DOC in the LMW fraction. About 70% of the DOC in the 27%0 sample from the GOM was in the LMW fraction. The Aransas Pass sample had a mixture of estuarine and oceanic DOM that resulted in about equal amounts of HMW and LMW DOC. In some of the experiments, especially in the river and low-salinity samples, the precision of the DOC measurements was insufficient to detect statistically significant changes in DOC concentrations. Direct measurements of DOC utilization at 27?& were presented earlier (Amon and Benner 1994) and were also detected in some of the experiments presented herein. However, to be consistent among the different experiments presented in this study, we used bacterial abundance, leucine incorporation, and oxygen consumption as measures of bacterial utilization of different molecular size fractions of DOC. All rates presented he,re were calculated for the period of increasing bacterial abundance (from the initial value to the peak abundance t,alue), which differed among experiments (see Table I ). Typical time-course data are presented for two representative experiments, and the rates of bacterial growth and remineralization are summarized in the text and in tables.
The sample taken from the Atchafalaya River plume in the northern GOM at 8%0 was dominated by riverine DOM, but this water also contains phytoplankton-derived DOM supplied by an ongoing cyanobacteria bloom during sampling. Oxygen concentrations show a much greater decline in the HMW than in the LMW fraction (Fig. 4A) . Bacterial leucine incorporation rates (Fig. 4B) were consistently higher in the HMW fraction, with a peak value of 0.88 nM leucine h-l as compared to 0.5 3 nM leucine h-l in the LMW fraction. The same trend was observed for bacterial abundances (Fig. 4C) , with peaks of 4.50 x 1 Og cells liter -I for the HMW fraction and 3.20 x 1 Og cells liter -l for the LMW fraction.
In the experiment with GOM water (23Ym), phytoplankton-derived marine DOM became quantitatively more important than riverine DOM. Again, we observed the same trend of higher reactivity in the HMW fraction than in the LMW fraction (Fig. 5) . More oxygen was consumed in the HMW fraction than in the LMW fraction during the incubation (Fig. 5A ). The respiration rate was 4 times higher in the HMW (0.53 PM O2 h-l) than in the LMW fraction. For comparison, the in situ respiration rate at the sampling site was 0.95 PM O2 h-l (Pakulski et al. in prep.). Leucine incorporation was consistently higher in the HMW fraction, with a peak rate of 6.20 nM leucine h-l (Fig. 5B) . Peak bacterial abundance values were 2.30 x log cells liter-l in the HMW and 1.92 x log cells liter-' in the LMW fraction (Fig. 5C) .
The experiment to test the influence of DOC concentration on rates of bacterial remineralization and growth demonstrates that at the same initial DOC concentration, the HMW fraction stimulates higher rates of bacterial growth and respiration than the LMW fraction does (Fig.  6) . The respiration rate in the HMW fraction was nearly twice as high as the rate in the LMW fraction, and even at lower initial DOC concentrations in the HMW fraction, we observed higher respiration rates than in the LMW fraction (Fig. 6A) . The C-normalized amount of oxygen consumed for the three different concentrations (116,167, and 302 PM DOC) of HMW DOC were similar (106.7, 93.6, and 94.1 PM 0, mmol DOC-'), while the C-normalized value for the LMW DOM was much lower (5 7.3 6 PM O2 mmol DOC-'), indicating that HMW DOM was clearly more bioreactive than was LMW DOM. Bacterial leucine incorporation rates were also higher in the HMW fraction (3.89 nM leucine h-l) than these in the LMW (3.2 1 nM leucine h-l) fraction (Fig. 6B ). This experiment also demonstrated the strong dependence of respiration rates and bacterial growth rates on DOC concentration. The relationship between DOC concentration in the HMW fraction and rates of bacterial respiration and growth was highly significant (r = 0.997, P < 0.001 for respiration; r = 0.92 1, P < 0.05 for bacterial leucine incorporation), indicating that comparisons between utilization rates of HMW and LMW DOM should be made on a C-normalized basis. Therefore, all rates of bacterial activity are presented as C-normalized values in Table 2 . Overall, rates of bacterial cell production in marine samples were higher than rates in river samples ( Table  2) The effects of DOC concentrations on rates of bacterial growth and respiration are compared with effects of molecular size.
than did the LMW fraction. A very high rate [99.8 x lo6 cells liter-1 h-1 (mmol DOC)-'1 of cell production was observed in the HMW fraction of the diatom bloom sample at 27o/oo in the GOM.
Time-integrated leucine incorporation rates (Table 2 ) followed the same overall trend as the cell production measurements, with lowest overall rates in river and lowsalinity samples. In all but one experiment, HMW DOM stimulated higher rates of leucine incorporation than did LMW DOM. In the Rio Negro, the VHMW DOM showed a higher rate [8.28 nM leucine h-l (mmol DOC)-':] than was shown 'by the other two size fractions, and in the Rio Solimdes, HMW DOM stimulated a rate higher [8.52 nM leucine h-l (mmol DOC)-'1 than that of VHMW or LMW DOM. The highest rate of leucine incorporation was observed with HMW DOM from the diatom bloom sample at 27o/oo. C-normalized respiration rates (Table 2 ) also were highest in HMW DOM from the diatom bloom at 27Ym [7.08 PM O2 h-l (mmol DOC)-']. Respiration rates were lowest in the experiments with LMW DOM from the Rio Solimoes [O. 12 PM O2 h-l (mmol DOC)-'1. Respiration rates for the Rio Negro and Rio Solimoes samples tracked measurements of bacterial growth, with highest respiration rates in the VHMW fraction from the Rio Negro and the HMW fraction from the Rio Solimoes. In all experiments, HMW DOC (VHMW and HMW in rivers) was remineralized at a rate higher than that of LMW DOC. C-normalized respiration rates were typically 2-4 times higher in the HMW fractions.
C-normalized rates of DOC utilization include remineralization and bacterial biomass production and are therefore the most complete measure of the bioreactivity of different molecular size fractions of DOC. The DOC utilization rates in Table 2 were calculated from respiration rates and bacterial carbon production rates estimated from leucine incorporation rates. From these results, we conclude that HMW and VHMW DOC were utilized at a similar or a higher rate than LMW DOC in all the environments investigated. These rates are normalized for the different initial DOC concentrations, suggesting that there are qualitative distinctions between HMW and LMW substrates.
The fraction of DOC utilized during incubations with the different molecular size fractions (VHMW, HMW, LMW) are summarized in Table 3 and reflect the proportion of total DOC that is readily available for bacterial uptake. The fraction of DOC utilized is normalized for time (% of DOC utilized d-l) because of the varying lengths of the growth phases in the different experiments (Table 1) In all experiments, the fraction (0.7-22.5% d-l) of HMW DOM utilized was greater than that of LMW DOM (0.5-6.6% d-l). The percentage (0.5-2.5% d-l) of the DOC in the various size fractions utilized in the river samples was lower than that in marine samples (2.5-22.5% d-l). This trend indicates that terrestrially derived DOM in rivers is less bioavailable than is phytoplankton-derived DOM. Moreover, the very high percentage of DOC utilized in the diatom bloom sample' indicates that freshly produced DOM is the most bioavailable. Bacterial growth efficiencies were calculated from respiration and bacterial production as given in Eq. 3: * In an earlier publication (Amon and Benner 1994) , the value for the fraction of DOC consumed differed from that presented here because utilization rates (bacterial respiration plus production) were used rather than respiration rates alone. GE = &m GE is growth efficiency (o/o), P is bacterial production in carbon units as calculated from leucine incorporation rates, and R is bacterial respiration in carbon units calculated from dissolved oxygen consumption (RQ = 1) for the incubation period given in Table 1 . A consistent pattern throughout all experiments was observed, with GEs in the LMW incubations higher than those in HMW incubations. Bacterial GEs ranged from 8-39% in the HMW fractions and 14-66% in the LMW fractions (Table 3) . In most cases, the difference in GE values on the various size fractions of DOC is pronounced; only the Rio Negro showed similar GEs for the three size fractions.
Discussion
We investigated the bacterial utilization of different molecular size fractions of DOC to measure their relative bioavailabilities and to relate bioavailability to molecular size and diagenetic state. The experiments revealed that across a spectrum of environments with DOM of varying sources and compositions, the reactive pool of HMW DOC is typically larger than the reactive pool of LMW DOC. This finding was surprising and calls for a modified conceptual model for DOM decomposition. Traditional models, such as the one presented by Saunders (1976) , state that simple molecules (LMW) decompose faster than HMW compounds do. The same conceptual model was recently presented by Miinster and Chrbst (1990) , who stated that organic molecules with molecular weight < 1 kDa are preferentially used by natural bacterioplankton and that the rate of utilization of phytoplankton-derived DOM decreases with increasing molecular weight. Advances in Chromatographic separation techniques and increases in analytical sensitivity have stimulated many studies of the bacterial utilization of LMW compounds such as dissolved free amino acids (Fuhrman 1987; Keil and Kirchman 199 1; Suttle et al. 199 1) . These studies have demonstrated that some LMW components cycle rapidly and contribute to bacterial growth, but these compounds comprise a relatively small fraction of natural DOM. The origin of this model goes back to the early 1960s when researchers observed high rates of utilization of simple radiolabeled substrates added to natural water samples (Wright and Hobbie 1965) . Our results indicate that the rapid utilization rates observed with added LMW compounds are not applicable to the bulk of naturally occurring LMW DOM.
In contrast to the traditional model, our results indicate that along a continuum of molecular sizes, DOM seems to decrease in bioreactivity with decreasing size. We believe this relationship exists because the origin of HMW components tends to be more recent than that of most LMW components. Molecular size seems to be a general indicator for the diagenetic state of DOM, with decreasing molecular size as diagenetic alteration progresses. Studies of the chemical composition of organic matter of varying sizes and {diagenetic states in natural environments indicate that a greater fraction of HMW components than of LMW components can be chemically characterized (Hama and Handa 1980) . The fraction of fresh phytoplankton detritus that can be chemically characterized is also greater than the fraction of diagenetically altered POM that can be chemically characterized (Lee and Wakeham 1988) .
A recent study of the amino acid and carbohydrate compositions of dissolved and particulate organic matter in the Amazon River revealed that the three size classes of organic matter investigated-coarse particulate (CPOM), line particulate (FPOM), and ultrafiltered dissolved organic matter (> 1 kDa; UDOM)-were chemically distinct ). The UDOM fraction was equivalent to the HMW plus VHMW DOM fractions in the present study. The CPOM most closely resembled its vascular plant source, FPOM represented more highly degraded material, and the UDOM fraction was the most profoundly degraded. These results are consistent with a size-reactivity continuum model and extend it from dissolved to particulate size classes of organic matter.
In a similar fashion, diagenetic indicators have also been applied to phytoplankton-derived material in order to follow diagenetic changes. Fresh phytoplankton, the main source of organic matter in the ocean, was compared to organic matter collected in sediment traps and to organic matter in sediments (Lee and Cronin 1982; Cowie and Hedges 1994) . These studies indicate that fresh phytoplankton. material undergoes pronounced diagenetic alteration during degradation as it sinks through the water column. 0 nly a few percent of the source material reaches the sediment surface (Lee and Wakeham 1988) , indicating that the major portion of POM is either remineralized directly or transformed to DOM.
The results of our study of the bioreactivity of HMW and LMW DOM and evidence from studies of the diagenetic stai;e of organic matter in varying size classes support the size-reactivity continuum model. In a general way, diagenetically young or fresh material seems to be most bioreactive. During decomposition, organic matter continuously becomes less bioreactive and smaller in physical size. A schematic flow diagram for the size-reactivity continuum model is presented in Fig. 7 ; it indicates that the m(ajor pathway of organic matter degradation is a continuous change from bioreactive organic particles and macromolecules to small refractory organic molecules. It is important to recognize that each size fraction (POM, HMW, and LMW) consists of a variety of compounds wil;h distinct compositions, reactivities, and diagenetic states.
The size-reactivity continuum model and differences in the bioreactivity of the various size classes of DOM seem to be, reflected in the overall concentrations of organic matter in each size fraction observed in the different environments (Fig. 3) . Most DOM in marine samples (60-70%) passed the 1 kDa filter, whereas >80% of the DOM was retained by the same filter in Amazon River samples. These molecular weight distributions agree with previous wudies, indicating that most riverine DOM is of HMW (Meyer et al. 1987; Benner and Hedges 1993; Hedges et al. 1994) , whereas most DOM in the ocean is of LMW (Carlson 1985; Benner et al. 1992b; Ogawa and Ogura 1992) . Furthermore, the molecular size of oceanic DOM decreases with increasing depth (Benner et al. 1992b; Ogawa and Ogura 1992) . The bulk of LMW DOC represents highly degraded material and is the least reactive fraction of DOM and, as such, accumulates in the deep ocean. Very recently, 14C age determinations on different molecular-size fractions of marine DOM showed that colloidal (> 10 kDa) DOM is younger (few decades) than DOM of lower molecular weight (380-4,500 yr; Santschi et al. 1995) . Riverine environments can be considered a transition zone and are typically dominated by diagenetically younger (< 150 yr; Hedges et al. 1994 ) HMW DOM. Combined information on the molecular size distribution of DOM in different environments and 14C age determinations on DOM represent a time-integrated measure for DOM reactivity and are consistent with the size-reactivity continuum model. The influence of the diagenetic state of organic matter on its bioreactivity is apparent when rates of utilization of DOC fractions from different environments are compared. HMW DOC from the Amazon is clearly less reactive than is HMW DOC collected from a phytoplankton bloom (277~). The HMW DOC from the Amazon has undergone extensive degradation , whereas the HMW DOM from the phytoplankton bloom is of more recent origin.
Our experiments revealed several findings suggestive of compositional or qualitative differences among the various size classes of DOM. Variable bacterial growth efficiencies indicate that the reactive substrates in the HMW and LMW fractions are compositionally distinct. In all of the investigated environments, we observed higher bacterial growth efficiencies in the LMW fraction. Leucine incorporation was used as a measure of bacterial production in calculating the bacterial growth efficiencies presented in Table 3 . If bacterial abundance values are used to estimate growth efficiencies in this study, the overall growth efficiencies would be lower by a factor of -4 (data not shown). However, the trend would be the same, with growth efficiencies in the LMW higher'than in the HMW fractions. The higher growth efficiencies in the LMW fraction indicate that the available LMW substrates are richer in organic N and other bioactive elements required for bacterial growth (Goldman et al. 1987) . This suggests that the available portion of LMW DOM has a lower C : N ratio than that of the reactive fraction of the HMW material.
In the GOM experiment at 279~, nutrient concentrations were directly measured. Inorganic nutrient dynamics in the HMW and LMW incubations were dramatically different (Amon and-Benner 1994) . Inorganic N was consumed during bacterial degradation of the HMW fraction and regenerated in the LMW fraction, indicating that bioreactive HMW material is depleted in organic N. This study also demonstrates that low growth efficiencies do not necessarily indicate that a certain DOC fraction is less bioreactive. Relatively high C : N ratios were directly measured in oceanic as well as Amazon River HMW DOM (Benner et al. 1992b; Hedges et al. 1994 ). The reactive components of LMW DOM seem to be rich in organic N (low C : N ratio), suggesting that dissolved free amino acids may be important bioreactive components of the LMW fraction. These C and N dynamics are strongly supported by a recent study of the effect of HMW DOM and light on heterotrophic nitrogen dynamics (Gardner et al. in prep) . That study demonstrated rapid bacterial uptake of ammonia and amino acids in the presence of marine HMW DOM; ammonia was regenerated by bacteria in the presence of LMW DOM. In our experiments, we added nitrate rather than ammonium as a nitrogen source to avoid potential stimulation of nitrification. Bacterial utilization of nitrate during the utilization of HMW DOM could explain the relatively low values of bacterial GE in the HMW fractions due to the high energy demand associated with nitrate assimilation. Nitrate has been viewed as a minor source of N for bacteria, but recent studies (Kirchman et al. 199 1, 1994) indicate that bacteria can utilize a considerable amount of nitrate under certain conditions and that nitrate can support up to 10% of bacterial N production in the ocean (Kirchman et al. 1994) .
The ability of bacteria to grow on the HMW fraction of natural DOM has been reported from several environments. Most studies of this kind were conducted in freshwaters rich in humic substances (Meyer et al. 1987; Tranvik 1990; Tulonen et al. 1992) . Billen et al. (1990) suggested the importance of macromolecular compounds for bacterial growth on phytoplankton-derived DOM in the marine environment, and Arnosti et al. (1994) recently reported rapid bacterial decomposition of polysaccharides in anoxic marine systems.
The size-reactivity continuum model (Fig. 7) suggests that degradation of organic matter in aquatic environments leads to formation of refractory LMW compounds. Hatcher and Spiker (1988) presented a general scheme for the humification process that is consistent with the size-reactivity continuum model. In that scheme, labile macromolecules are rapidly utilized during early diagenesis; refractory compounds are selectively preserved and become what is operationally defined as humin. Further degradation leads to oxidation of humin and formation of more soluble humic and fulvic acids. Overall, humification leads to increasingly oxidized substrates of lower molecular weight and greater solubility. This suggests that refractory LMW compounds in the ocean no longer resemble biomolecules and thereby escape microbial utilization. Additional studies of the composition and reactivity of DOM size fractions are required to further evaluate the proposed size-reactivity continuum model and to better understand the significance of refractory LMW DOM in the global carbon cycle.
